Abstract. As energy costs are increasing, many greenhouse operators are re-evaluating energy consumption and savings strategies. In most cases, updating older heating systems to more efficient units in addition to the use of double layer glazing, insulation materials, and energy curtains significantly reduces fuel consumption. Insulating greenhouses must not conflict with the need for high light transmission through the structure. Since solar radiation loads often significantly exceed the instantaneous heat requirement of a greenhouse, many ideas have been proposed to capture this excess heat and store it for later greenhouse heating. Heat pumps are promising for use in an integrated cooling and heating system. In the study described in this paper, a simple spreadsheet approach was used to evaluate the performance of a system utilizing a heat pump and water storage. The evaluation bases its calculations on historic hourly weather data to determine hourly cooling and heating rates and storage status. The calculations allow for evaluations of the appropriate size of the heat pump, storage device, and heat exchangers. The calculations are used to investigate storage capacities that are sized for one to a few days harvest of surplus heat from the greenhouse for a range of percentages of peak cooling requirement. The model includes the option of utilizing a geothermal source for the heat pump to charge the storage during periods when greenhouse cooling is not required. The first study presented examines the impact of increasing thermal storage capacity on heat utilization from a generic co-generation system. The second considers a specific, natural gas fired, fuel cell system for various sizes of greenhouse at two different locations and includes the utilization of CO 2 from the reformer section. The heat pump study looks at the relationships between capacities of the heat pump and storage for two different locations. Provided hourly weather data are available for other sites, the spreadsheet approach can be used for other locations across the world.
Introduction
Recent increases in the costs of oil and natural gas combined with increasing uncertainty in the reliability of supply are regenerating interest in developing further advances in greenhouse energy conservation and alternative sources. There was some significant progress in developing alternative energy sources in the energy crisis of the 1970's. More importantly significant advances were made in energy conservation and management that have been widely adapted by the commercial greenhouse industry. The challenge now is to find alternative energy sources that can provide a significant portion of the requirement for modern greenhouses already adopting the best conservation practices currently available. Simulation modeling, even with relatively simplistic modeling techniques, can provide a preliminary analysis of the expected contribution of a variety of proposed alternative energy scenarios.
In a survey of greenhouse energy use conducted by Ohio State University in 1979, it was found that the fuel consumption of glass greenhouses in Ohio averaged the equivalent of about 935,390 L of fuel oil per ha of greenhouse (Short et al., 1979) . With typical heating system efficiencies at the time, this rate of fuel oil consumption would result in approximately 0.26 GJ/ha delivered to the greenhouse. At the time, the greenhouses in that survey would include small single span glass and polyethylene glazed greenhouses and larger gutter connected greenhouses operating at a variety of temperatures depending on the crops being grown.
In Table 1 and Figure 1 , the annual heat requirement for an acre of growing space maintained at temperatures ranging from 10.0 to 21.1 o C have been calculated based on a 10-year composite hourly weather data set from the Philadelphia International Airport (PHL). The basic greenhouse dimensions were seven bays each 9.14 m by 64 m with 3.7 m to the gutter and 5.2 m to the ridge. The heat transfer coefficients for glass, polyethylene and IR absorbing polyethylene are based on values presented in Bartok (2001) and the glass plus curtain data are based on tests done in The Netherlands for modern curtain materials. The coefficients for regular and IR absorbing polyethylene film in combination with modern curtain materials were estimated from the other values.
It is useful to note that for many crops the use of curtains and/or root zone heating systems can result in optimal night air temperatures significantly lower than would otherwise be the case. In the case of a crop where these measures could result in reducing the thermostat setting from 18.3 to 12.8 o C in a gutter connected greenhouse glazed with IR film and a curtain system, energy consumption could be about one tenth that required in a single span glass house without curtain or root zone heating. These figures are useful for comparative purposes but it is important to note that specific building designs, location and exposure to wind, installation of glazing and curtain systems, heating system design, and other factors all affect actual fuel consumption. Set points Figure 1 . Annual heat requirements in MJ per hectare for greenhouse set point air temperatures ranging from 10.0 to 21.1°C (see Table 1 for greenhouse type abbreviations).
Materials and methods
Traditionally, greenhouse environmental control systems are designed based upon the characteristics of the structure and the expected extreme weather conditions for the location and the requirements of the crop being grown. For a heating system, the heat loss from the structure (walls, roof and infiltration) can be calculated for the maximum expected temperature difference between outdoor design temperature and desired inside conditions. The capacity of the heating system is then determined based upon this calculation and a reasonable factor of safety. Annual heating energy requirements can be estimated based on reported heating degree data for the region, but the actual requirement in any year will depend on the specific weather conditions that do occur. A well-designed heating system and control strategy with modulated heat delivery should maintain set points acceptably.
Simulations of greenhouse climate have been widely used to study a variety of issues. Manning and Mears (1981) designed a 1.1 ha greenhouse facility utilizing waste heat from an electric power generation station. For their model development, they used historical hourly data on ambient temperature and the temperatures of the station's cooling water Mears and Manning, 1996) . Ekholt et al. (1983) used a simulation approach to optimize the sizing of a co-generation system designed to utilize landfill methane to generate electricity for crop lighting and recapture waste heat for climate control using a floor heating system. More recently, Takakura and Fang (2002) discussed a number of simulation examples. They noted that simulation models could be particularly useful as an evaluation or optimization tool in the design of climate control systems utilizing mixed energy sources where the energy costs vary between sources. Both et al. (2005) used a simple spreadsheet approach to modeling to design environmental control systems and strategies for orchid production based on weather conditions in New Jersey and Taiwan. The basic structure of that model has been adapted to the several studies discussed in this paper.
Historical weather data can be useful in comparing the annual contributions to environmental control of various heating, cooling and shading options. However, these results only give estimates that can reasonably be expected as actual contributions depend not only on the actual weather experienced in the future but also can depend significantly on greenhouse management and the control strategies used. Hourly time increments can be too coarse to model detailed dynamic response of the internal climate to changing environmental conditions and to analyze the performance of control systems that influence air temperature. Nevertheless, the results can be useful in evaluating relative performance of proposed system designs, alternative energy resources and control strategies.
The spreadsheet, described in some detail in Both et al. (2005) is set up with the main calculations page having several rows at the top for headings and for cells to contain the constants needed for the calculations. The first five columns contain the time and basic weather data, 8760 rows for the year. Additional columns are used to indicate control states for the operation of the heating and venting systems and the energy flows of interest. Another descriptive data sheet is set up to describe the basic characteristics of the greenhouse including dimensions and the heat transmission coefficients of the various components. The capacity of any given thermal storage system and the basic parameters for the alternative heating sources being considered are also defined on this sheet. The calculations of energy inputs and energy flows on the main calculations page are all done on a per unit area basis. Therefore the important parameters developed on the descriptive data sheet are also computed on a per unit area basis for referencing on the main calculations page.
Previous work on the optimization of waste heat systems, (Manning and Mears, 1981; Manning et al., 1983; Mears and Manning, 1996) , and on solar energy systems for greenhouses (Mears et al., 1980) , clearly indicated the importance of designing in the best available greenhouse structure and insulation system as the costs associated with these measures are far less than the amortized cost of equipment needed for any alternative to fossil fuel as an energy source. Therefore, the greenhouse structures used in the simulations discussed in this paper are all based on a large, gutter connected commercial greenhouse glazed with double layer IR polyethylene film with a movable curtain insulation system to reduce nighttime heat loss as well as provide environmental shade during peak solar daytime conditions.
To calculate the heat required for any hour to maintain a given minimum inside temperature, the need for heat can be determined by computing an energy balance based on the desired inside temperature, the outside temperature and the amount of heat being transmitted into or out of the greenhouse. Since most heating is required at night, the shade/energy conserving curtain material can be pulled to reduce heat loss at night. For the calculation of internal greenhouse temperature during the daytime, it may be important to consider that the radiation contributing to heating the greenhouse is the radiation received at the crop canopy plus a portion of the radiation intercepted by the shade curtains that may be deployed, so a coefficient for that is needed. For the heating calculations, this is only a factor when it is very cold and overly bright compared to the desired light setting. If the predicted energy input is not adequate to maintain minimum desired temperature, the temperature is set at that level and the amount of energy that needs to be added to maintain this temperature computed.
For cooling, three columns were set up to indicate control at three rates of airflow and a fourth to indicate the use of evaporative cooling. To determine the needed stage of ventilation, the internal temperature was calculated using an energy balance based on the desired internal temperature, the current outside temperature and the radiation received at the plant canopy as well as absorbed by any curtains deployed. After the required stage of ventilation was determined, the canopy temperature was calculated by an energy balance based on the airflow associated with the ventilation rate but without evaporative cooling. Based on this temperature, a decision could be made as to the need to turn on the evaporative cooling, and if that was the case another column was calculated to determine the internal air temperature with evaporative cooling based on the wet bulb depression and the efficiency of the evaporative cooling system.
The three stages of ventilation were set to initiate at 21, 24 and 27°C predicted internal temperatures, respectively. The airflow rates were set at 0.31 m 3 /min per m 2 of floor area for the first stage and an additional 1.24 and 0.93 m 3 /min per m 2 of floor area for the second and third stages, respectively, for a total capacity of 2.48 m 3 /min per m 2 of floor area at full ventilation. When under full ventilation, the predicted inside temperature was predicted to be above 29°C, evaporative cooling would be turned on and assumed to operate at an efficiency of 80%. A check on radiation levels was used to avoid having evaporative cooling still operating at solar radiation levels at the canopy of under 236 W/m 2 . This practice will allow some time to reduce humidity in the greenhouse late in the afternoon, even when temperatures are higher than desired.
Cases considered in this paper
The first case being considered is the use of a co-generation system to provide electricity and heat for the greenhouse with surplus electricity used elsewhere in the production system or sold back to the grid. The issues to be considered are the relationship between the size of the co-generation unit relative to the area of greenhouse utilizing the heat and whether or not thermal storage is used and if so the size of the thermal storage relative to the capacity of the co-generation unit. This comparison is done for the PHL database.
The second case being considered is the use of a commercially available fuel cell utilizing natural gas. The unit considered had an electrical capacity of 200 kW and a thermal output of 212 kW when the fuel cell stack is new. The modular unit is modeled with increasing sizes of greenhouse and increasing amounts of thermal storage for two weather databases, the Philadelphia database and one for Bonita, Arizona to compare different geographic regions.
The third case being considered is the use of a relatively small water-to-water heat pump sized to provide roughly enough cooling to match up with a normal heat output for first stage ventilation. With high capacity heat exchangers in the greenhouse and two water storages for warm and cold water, the unit can provide daytime cooling with the stored heat used for night heating. With access to a groundwater well, the unit can deliver increased heat by charging the storage from the well during periods when cooling is not required. These models are run for the PHL database and for an actual one-year record from a location in Bellville, Ohio that is significantly colder in the wintertime.
Co-generation for greenhouse heating
One option for utilization of a co-generator for greenhouse heating is to look at the unit as the first stage of a heating system and utilize the heat from the unit upon demand while dumping any heat not needed when the unit is running for electricity production. An alternative is to add thermal storage so heat can be stored during generation of electricity for later use in heating. To investigate the impact of varying amounts of thermal storage relative to the size of the co-generation unit, simulations were run on the same double layer polyethylene greenhouse used for the analyses presented in Table 1 . In this case the greenhouse was considered well insulated with a good curtain system and the overall heat loss coefficient per unit area of floor was assumed as 4.13 W/m 2 K. For simplicity it was assumed the various storages were very well insulated so heat loss would be negligible.
Simulations were run using the PHL weather database to calculate the annual contribution to the heating requirement per unit area with co-generators of various thermal outputs up to 63 W/m 2 , which is significantly under the maximum heat requirement of 114 W/m 2 for this database and greenhouse. For each co-generator size, simulations were run for no storage capacity and for storage systems with a storage capacity up to the maximum daily heat requirement of 7.91 MJ/m 2 . While the use of this idealized storage concept does not enable the simulation to address the issues associated with storage heat loss, maximum and minimum storage temperatures, or how heat is delivered from storage to the greenhouse, the results do demonstrate the effect of changing these capacities on system utilization. Figure 2 shows the seasonal heat contributed by the co-generator for the various storage sizes as a function of the thermal output of the unit, Figure 3 shows the seasonal heat requirement of the backup system and Figure 4 indicates the increase in the utilization of the output of the unit with increasing storage capacity for different size co-generators. These figures clearly illustrate that while increasing the capacity of the unit increases the energy provided and decreases the amount of backup required, the utilization of thermal output is decreased at higher capacities. Storage does enable smaller units to provide a greater portion of the thermal requirement and Figure 4 clearly shows this increase. 
Generated Energy

A fuel cell as co-generator plus CO 2 source
Technically a fuel cell is an attractive co-generator as it provides a relatively large proportion of the output energy as electricity and a fuel cell utilizing natural gas also provides a source of clean carbon dioxide from the reformer section. Given the high cost of this technology it will be important to carefully optimize the use of all outputs to amortize investment costs: electricity, heat and CO 2 . To investigate the match of outputs to greenhouse needs, the operating characteristics of a commercially available fuel cell have been utilized. The unit chosen is the 200 kWe PureCell from UTC Power (Note: mention of specific commercial equipment does not constitute endorsement). In addition to the 200 kW electrical output the unit generates 98 kg/hr of CO 2 and up to 0.76 GJ/hr of heat at the beginning of stack cell life. Up to 0.29 GJ/hr of this is available from 121 o C to 60 o C, with the remainder available from 60 o C to 27 o C, assuming the return temperature can be brought down to this level.
Previous projects utilizing waste heat from power plants have demonstrated useful heat can be extracted from relatively low temperature sources utilizing floor heating systems and/or appropriate air/water heat exchangers (Mears and Manning, 1996) , with return temperatures at or below 27 o C. For the purposes of this study it is assumed that segregated storages can be utilized that will enable energy to be stored over a temperature range of 49 o C with the amount of energy stored within that range dependent on the thermal mass of the selected storage. For simplicity in modeling for this first stage evaluation, a single storage unit was assumed. It is assumed that heat requirements of the greenhouse were met from storage first with backup heat providing the balance in each hour and the fuel cell unit recharging storage.
Storage units were of several sizes and assumed located outdoors and insulated to reduce heat loss to 0.28 W/m 2 K for calculating heat loss from storage during the simulation. For this study, the three storages were modeled on simple backyard swimming pools of 1.22 m depth and of 3.0, 6.1 and 9.1 m diameters, respectively for the PHL location, and 1.22 m by 6.1 and 9.1 m, and 2.44 m by 9.1 m for the largest tank for the Bonita, AZ location. When being charged by the fuel cell at full thermal output and no withdrawals being made, the rate of increase of temperature for these four storage sizes were: 20.5, 5, 2.2 and 1.1 o C per hour, respectively. Thus the time it would take to fully charge the storage over a temperature range of 67 o C would range from just over 4 hours for the smallest tank to 60 hours for the largest.
To evaluate the benefit of CO 2 utilization it is assumed that the greenhouse can utilize up to 50 kg/hr per hectare when there is significant light for plant growth and when there is either no ventilation or only first stage ventilation operating but there is no provision for storage of CO 2 so it is only utilized as produced under the stated conditions. The results of the simulation for two weather databases, PHL and the complete 2006 hourly database from Bonita, AZ are presented to indicate the difference in heat and CO 2 utilization as affected by local weather. The greenhouse construction and heat loss characteristics were similar to those of the previous co-generation simulation but the specific heat loss values per unit area depend on greenhouse size, decreasing slightly for the larger sizes due the reduced influence of sidewalls.
The results for the heat and CO 2 utilization for the Bonita, AZ and PHL locations are given in Table 2 and Figure 5 for Bonita, AZ and Table 3 and Figure 6 for PHL for the case where there is no provision for heat storage. In this case the thermal output of the fuel cell can only be used to the extent that it meets the heat needs for any given hour so as the size of the greenhouse increases the heat utilization increases. The total annual heat production potential for 8760 hours would be 6694 GJ and of course there will be no ability to use any of this during warm weather or when solar energy meets or exceeds heat requirements. At the Bonita, AZ location, the thermal energy utilization ranges from just under 21% for a 0.49-hectare greenhouse to just over 31% for a 3.44-hectare facility. For similar sizes at the PHL location, utilization ranges from 27.5% to over 36% reflecting the general colder weather at the more northerly location. Hourly CO 2 fully used over 2 hectares The utilization of CO 2 does not depend on thermal storage but simply the relationship between light levels and the requirement for ventilation at the two sites. At the Bonita, AZ location, there were 347 hours of light with no ventilation and 555 hours with light during first stage ventilation. At the PHL location, there were 799 hours of light with no ventilation and 1051 hours with light during first stage ventilation. The main reason there is so much more potential for CO 2 enrichment at the PHL location is that there are so many more hours of the year where second and third stage ventilation is required at the Bonita, AZ location reducing the effectiveness of purchased CO 2 during those periods. There were 3569 hours of this condition at the Bonita, AZ location and only 2612 at the PHL location. This is due to the higher temperatures and higher light levels at the more southerly location. The degree to which CO 2 enrichment is beneficial during higher stages of ventilation will potentially enhance the value of this waste resource at both locations.
At both locations there was a significant increase in the utilization of the reject heat with increasing size of the greenhouse, as noted in Tables 2 and 3 above for the case where there was no thermal storage. In addition, adding some thermal storage can dramatically improve the utilization of the waste heat as energy can be banked during hours of no demand to meet an increasing percentage of the greenhouse heat requirements. In relatively mild weather, spring and fall, storage enabled the unit to meet virtually all the heating needs for even very large areas.
At the Bonita, AZ location for the smaller, 0.49-hectare greenhouse adding storage increased the thermal utilization from 93% to 100% for each of the three larger storage units (Table 4 and Figure 7 ). However, as the size of the greenhouse increased the added benefit of storage dramatically increased, with utilization for the larger, 3.44-hectare facility increasing from 20% for no storage to from 36 to 38 to 39% for the three larger storages, essentially doubling the utilization of the heat for the larger storages. Similarly at the PHL location (Table 5 and Figure 8 ), for the smaller, 0.49-hectare greenhouse adding storage increased the thermal utilization from 81% to 87 to 98 to 100% for each of the three smaller storage units. Again, as the size of the greenhouse increased the added benefit of storage dramatically increased with utilization for the larger, 3.44-hectare facility increasing from 15% for no storage to from 17 to 24 to 25% for the three larger storages, substantially increasing the utilization of the heat for the larger storages. 
A heat pump with internal collection for heating and cooling
Earlier work on energy alternatives for greenhouses, particularly the activities in the late 1970's, did not seriously consider options that were strongly dependent on electricity. At the time, about 20% of U.S. electricity was generated from oil but that has shifted today to about 3%, (Woolsey, 2006) , and there has been a significant shift in the cost of electricity relative to other energy resources. There are examples of commercial greenhouses installing electric boilers given the price advantage of electricity in their area. With the high coefficient of performance for water sourced heat pumps these units appear an attractive option, assuming the system will provide enough equipment utilization for the fuel savings to amortize the relatively high initial cost.
In considering a heat pump as a heating source only if one were to design a system where the heat pump was the only heating source then the capacity of the unit and the associated water source would have to match the peak heating requirement of the greenhouse and would only be fully utilized during the coldest possible weather for the site. Given the relatively high initial cost of the system, the concept of scaling down the heat pump capacity and relying on a lower cost fossil fuel based system for peaking requirements should be considered. The option of adding energy storage so a smaller unit can be utilized more hours of the year will be critical to achieving economic viability. In this regard, the relationship between system capacity and storage relative to the pattern of greenhouse energy requirements will follow the same scenario as discussed in the section on fuel cell utilization. The relationships between the system generation capacity, storage capacity, and heating load patterns will be similar for any type of cogeneration unit or heat pump.
When using an air handling system with water/air heat exchangers there is the option to use the heat pump unit to provide some portion of greenhouse cooling, capturing heat in the daytime and storing it for night use. Assuming a heat pump system will have appropriately sized warm water storage it is only necessary to provide a small cool water storage, valves and controls to add this feature. When greenhouse cooling is required the heat pump will move heat from the cool to the warm tank and the chilled water will be circulated through the heat exchanger and the cooled air distributed throughout the greenhouse. When greenhouse cooling is not required, the heat pump can be used to extract heat from the water source to be stored or used. A potential advantage of adding this feature is the ability to keep the greenhouse closed with temperature and humidity control for more of the daylight hours, which can potentially extend the effective period for carbon dioxide enrichment.
The initial design considered to utilize this concept started with an assumption of acquiring a heat pump with a thermal output about 1/10 the peak heating system capacity and associating it with an air handling system recirculating interior greenhouse air at a rate roughly equivalent to 1/8 maximum ventilation design requirements of 2.48 m 3 /min per m 2 . For this phase of the study a 3278 m 2 -four bay section of the greenhouse, simulated at various sizes described in the preceding fuel cell discussion, was used with the assumption these are interior bays of a larger structure so there is no heat loss through the sidewalls.
The three storage sizes assumed related to the greenhouse are equivalent to 2.73, 10.8 and 24.4 L of water per m 2 of greenhouse floor area. Storage temperature was from a base of 16 o C, the greenhouse set point, to a maximum of 38 o C, above which the heat pump would be shut off. Three sizes of heat pump were considered and sized to provide 5.36, 10.7 and 16.1 W/m 2 of greenhouse floor area, respectively. The air handler properties used were taken from commercial literature (Model GLW660, Modine Manufacturing Co., Racine, WI). These units have a heat transfer rate of 3165 W times the entering temperature difference ( o C) of the air and water at flow rates of 218 m 3 /min of air and 152 L/min of water, resulting in a heat transfer rate per unit of 0.97 W/(m 2o C) of greenhouse floor area. Simulations were run for these combinations. Comparisons were made for two locations, one utilizing the PHL database and the other for a weather database record for one year from a commercial greenhouse in Bellville, OH that is significantly colder, requiring approximately 50% more heat than the PHL database (Fynn, 2006) . Tables 6 and 7 show that total annual heat provided from the heat pump system does increase with increases in any of the design parameters: heat pump size, number of heat exchange units and size of storage. However, there is a diminishing improvement per unit increase with any of these parameters for each increment of increased capacity. To optimize the system economically the costs of the components and prices of electricity vs. backup fuel will be needed. In general though, some preliminary conclusions can be drawn by simple inspection of the values in the tables. The rates of increase in contributed energy for the internal heat recovery alone, without the benefit of the well, do increase with increasing heat pump capacity. For the three units, the increases in performance are more significant up to: two heat exchanger units and just the small storage for the smaller heat pump, two heat exchanger units and the medium storage for the medium heat pump, and four heat exchanger units and the large storage for the larger heat pump. With these values, the increase from the small to medium and medium to large heat pump are essentially the same.
These results presented in
When the internal collection system is augmented with the addition of a geothermal heat source, the total energy contribution from the heat pump increases substantially, 4 to 6 fold, but the apparent break points in significant increases occur at roughly the same points. Based on these general observations, an optimal system for the PHL database with the geothermal source might be the larger heat pump with the larger storage and four heat exchange units delivering 263 MJ per m 2 or a total of 862GJ for the facility per year, just over 50% of the total requirement of 1705 GJ. With a similar choice of equipment for the Ohio location, the system is utilized more and delivers 342 MJ per m 2 or 1121 GJ for the facility per year but this is only 38% of the total requirement of 2937 GJ at this colder location.
It may be very important for some crops that the internal heat recovery system is providing cooling of the greenhouse during what would normally be first stage ventilation. In the case where CO 2 is being supplemented this will extend the period in which enrichment is not compromised by ventilation. As noted in the fuel cell simulation discussed above, the extra hours of greenhouse closure in the Bonita, AZ and PHL locations would be 555 and 1051 hours, respectively. The economic benefit of this feature will depend on the response of the particular crop being grown to CO 2 supplementation.
Conclusions
The cases presented indicate the potential for a relatively simple approach for making a first level evaluation of possible energy management scenarios. As the method is based on some historical weather database it will not precisely predict any given system and management strategies performance but does give an indication of the relative performance of proposed systems and strategies. The degree to which these predictions will actually predict performance will also depend on the accuracy of the various system parameters assumed in the simulation.
The cases examined all indicate the importance of thermal storage as a management tool to increase the utilization of the investments in the alternative energy systems where the energy to be delivered is not stored in the form of fossil fuel. In the case of an alternative system, which produces CO 2 the benefit of that product depends on the degree to which the greenhouse can be closed enough to make supplementation practical.
As the relative costs of various energy sources continue to change, opportunities for technologies based on electricity are likely to become increasingly attractive. The use of heat pumps are particularly relevant for greenhouse applications as there can be the opportunity to provide some cooling as well as base load heating. In the case where CO 2 is being supplemented, the additional hours of greenhouse closure provide benefits in addition to the provision of heating and cooling.
Addendum on waste heat added by D. Mears December 2007
Four waste heat use scenarios
In order to optimize the design of a greenhouse heating system using reject heat from an electric generating station Manning and Mears, (1981) used a simulation system based on actual hourly data for both the external weather and for the temperature of the water coming from the power plant which was found to vary significantly from hour to hour throughout the year. As greenhouse floor heating systems have significant thermal mass the energy storage feature can enable the system to provide somewhat more heat under varying supply temperatures than would be the case with constant temperature supply, . However, when the pattern of variability in the waste heat resource is not known and the best available information is an estimate of the likely minimum temperature, a reasonable and conservative estimate of the contribution to total energy requirements for any given system design and set point temperature can be determined.
There has been some expression of interest in developing a greenhouse operation in the area around Regina, Saskatchewan, Canada utilizing waste heat from local industrial operations. No specific site has as yet been determined nor have there been firm decisions on what crops should be considered. As there is no firm data on variability of waste heat supply temperatures but there is an estimate of minimal supply temperature for several candidate sources of at least 30 o C this parameter can be used for a first approximation at some system designs. Using the same greenhouse and heat exchanger parameters used in the above studies and a historical hourly weather database for Regina, simulations were run for greenhouses kept at various possible nighttime heating set points.
Simulations were run first to determine how much total heating energy would be required for each set point temperature. Then the simulations were run to determine the backup that would be required from a boiler system to meet the heating need above what would be provided by the waste heat delivery system. The first system would utilize a floor heating system with similar heat transfer characteristics to the earlier waste heat greenhouse design. Then additional simulations could be run adding heat exchange capacity equivalent to one or more of the Modine heat exchanger units per four bay section. The results for the total heat requirement for five different set point temperatures ranging from 10.0 to 21.1 o C are represented in Figure 5 .
The results for each hour are sorted from the coldest hour/heat requirement downwards for plotting. The highest hourly rate requirements shown on the left axis ranges from 164 to 207 W/m 2 . The total seasonal energy requirements range from 231 to 431 kWhrs/m 2 . To compare the system requirements with the Canadian location and others, simulations were also run for three other weather databases, the Philadelphia, Pennsylvania and Bonita, Arizona databases used for the heat pump studies and an historical hourly weather database for Tokyo, Japan. These four sites hourly and total annual requirements for the intermediate temperature of 15.6 o C are shown in Figure 6 .
The backup required for each of the four sites after utilizing the waste heat in the floor system and then increasing numbers of heat exchanger units are shown in Figures 5-8 . In the coldest location adding six units in the four bay section is required to almost eliminate the need for backup whereas in the two warmer locations virtually all of the requirement can be met with the floor alone. Note that at higher desired internal set points increased heat exchange capacity would be required. To optimize the design from the economics standpoint the costs of backup energy will need to be considered in relationship to the installation costs of the equipment. Hourly and total heat requirements for maintaining 15.6 o C at Tokyo with contributions of waste heat through a floor heating system and floor plus one heat exchanger.
